Highlights {#Sec1}
==========

Dysregulated immune responses in COVID-19 could lead to inefficient virus clearance, which further brings about over-activated inflammatory response and excessive cytokine release.Excessive cytokine release in severe cases of COVID-19 is characterized by enhanced serum levels of IL-2, IL-6, IL-10, and IFN-γ. Increased serum level of the anti-inflammatory cytokine IL-10 might be a compensatory mechanism to reduce the over-activated inflammatory response.ACE2 expression levels could be down-regulated, according to the recent bio-informatic analysis with the interactome model based on characteristics of human protein/SARS-CoV interactions, but a direct experimental evidence is still required to confirm this prediction.In severe COVID-19, the excessive cytokine release and potential down-regulation in ACE2 expressions can not only promote a hypercoagulable state individually, but also reciprocally enhance the pro-thrombotic functions of each other.Anti-inflammatory therapies, including tocilizumab, chloroquine, and hydroxychloroquine, which can be promising treatment to control excessive cytokine release in severe COVID-19, have the potential to reduce the risk of vascular thrombotic events, but more clinical data are needed for optimum instruction of drug use and drug selection.

Introduction {#Sec2}
============

The novel coronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection, is currently leading to a global pandemic. Clinical studies so far have demonstrated an association between COVID-19 severity and vascular thrombotic or thromboembolic events \[[@CR1]\]. Moreover, COVID-19 severity is also frequently associated with over-activated inflammatory response characterized by excessive cytokine release \[[@CR2]--[@CR6]\]. To prevent the vascular thrombotic events in severe COVID-19, it is urgently necessary to understand the underlying pathogenic mechanisms.

Based on currently available evidence, we discuss the mechanisms of initiation, the characteristics, and the immuno-pathological basis of the over-activated inflammatory response associated with severe COVID-19. Furthermore, we summarize cytokines that have consistently displayed enhanced serum levels in severe patients. Mechanisms through which these cytokines influence the coagulable state are reviewed in detail after an overview of the role of excessive pro-inflammatory cytokine release in promoting hypercoagulable state in COVID-19. Additionally, we discuss the mechanisms and potential of anti-inflammatory medications investigated in recent clinical trials to prevent the hypercoagulable state in severe COVID-19.

Despite a lack of direct evidence showing a down-regulation of angiotensin-converting enzyme 2 (ACE2) expression levels in COVID-19, a recent bio-informatic analysis predicts a downregulated ACE2 expression in SARS-CoV-2 infection \[[@CR7]\]. By interpreting the anti-thrombotic and anti-inflammatory functions of ACE2, we propose that the potential ACE2 down-regulation in COVID-19 can contribute to the pathogenesis of hypercoagulable state and excessive inflammation in severe cases. Moreover, we further discuss the mutually promoting effects of excessive cytokine release and potential ACE2 down-regulation on the pro-thrombotic activities of each other. Ultimately, based on previous preclinical studies and recent clinical studies, we analyze the effects of angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) treatment on the risk of vascular thrombosis.

By interpreting the pathological mechanisms, we aim to illustrate that excessive pro-inflammatory cytokine release and potential ACE2 down-regulation can promote the hypercoagulable state in severe COVID-19, and propose that the anti-inflammatory medications, as well as ACEI/ARB, can benefit severe COVID-19 patients by reducing the risk of vascular thrombotic events.

Association between disease severity and hypercoagulable state in COVID-19 {#Sec3}
--------------------------------------------------------------------------

Although pneumonia is the most common manifestation of severe COVID-19, recent clinical studies have suggested a significant association between vascular thrombotic or thromboembolic events and COVID-19 severity \[[@CR1], [@CR2], [@CR8]\]. In a retrospective analysis of 183 COVID-19 patients, a marked increase in serum D-dimer level, indicating a hypercoagulable state, is frequently observed in non-survivors. Disseminated intravascular coagulation (DIC) has occurred in 71.4% of non-survivors, compared to an only 0.6% chance of DIC in patients who survived \[[@CR1]\]. Additionally, a pooled analysis has further confirmed the association between increased serum D-dimer level and poor clinical prognosis \[[@CR9]\].

In a recent COVID-19 clinical case report, anti-phospholipid antibodies (aPL) have been detected in 3 ICU patients with multiple infarcts, and anti-phospholipid syndrome (APS) is suspected to be a potential cause of the vascular thrombotic events in these severe cases \[[@CR10]\]. As evidenced by previous clinical studies, persistent positive for serum aPL is not necessarily related to the clinical characteristics of APS, including thrombotic events, in patients with virus infection \[[@CR11]\]. In addition to the increased aPL, a second thrombophilic factor is necessary for the thrombotic events associated with APS to occur \[[@CR12]\]. Therefore, a hypercoagulable state might be an essential factor that synergistically contributes to the observed multiple infarctions along with the enhanced serum aPL in the 3 ICU patients with COVID-19.

The hypercoagulable state, manifested by the multi-infarctions and the increased serum level of D-dimer, is related to COVID-19 severity and indicate a poor prognosis. Understanding the pathophysiology behind the vascular thrombotic events in severe COVID-19 is beneficial for the prevention and treatment of these events.

Dysregulated T cell immune response can lead to ineffective clearance of SARS-CoV-2 and initiation of over-activated inflammatory response in COVID-19 {#Sec4}
------------------------------------------------------------------------------------------------------------------------------------------------------

A retrospective clinical study indicates that, compared to mild COVID-19 patients, severe patients display lower levels of CD4 + T cells and CD8 + T cells, as well as higher levels of interleukin-6 (IL-6) and interleukin-10 (IL-10) in the peripheral blood before receiving any treatment for the disease. No significant difference is found in the T cell-polarizing cytokines, including interleukin-17 (IL-17), interferon γ (IFN-γ), and interleukin-4 (IL-4), responsible for the polarization of T helper cell (Th) 17, Th1, and Th2, respectively \[[@CR3]\]. However, compared to healthy individuals, COVID-19 patients have displayed elevation of serum levels of cytokines that are suggestive of pro-inflammatory Th1 activation, including IFN-γ and IFN-γ inducible protein 10 (IP-10). Besides the enhanced levels of pro-inflammatory cytokines, increased plasma levels of anti-inflammatory cytokines, including IL-10, have been simultaneously detected in COVID-19 patients, suggesting a dysregulation of the adaptive immune system following the virus infection \[[@CR2]\]. Although the mechanism underlying the dysregulated immune response in COVID-19 is by far beyond comprehension, clinical studies have shown that, both declined levels of innate and adaptive lymphoid cell, and an increase in the percentage of naïve CD4 + T cells accompanied by a reduction in the percentage of memory CD4 + cells, are associated with SARS-CoV-2 infection, indicating a reduced efficacy for virus clearance in infected patients \[[@CR13], [@CR14]\].

Thus, dysregulated T cell immune responses are observed in COVID-19, potentially contributing to the commonly seen lymphocytopenia in infected patients, leading to inefficient clearance of the virus \[[@CR2], [@CR15]\]. Previous animal experiments using mouse models with MERS (Middle East respiratory syndrome) and SARS-CoV (severe acute respiratory syndrome coronavirus) infections have shown that the timing of immune response in the virus infections is critical for optimal virus clearance: an early anti-viral response before the peak of virus replication after an infection is important for the inhibition of virus replication and the activation of anti-viral adaptive immune responses; however, a delayed immune response to the virus infection not only inhibits the virus specific adaptive immune responses, but also enhances the excessive inflammatory cytokine release and the leukocyte infiltrations into tissues or organs, leading to a poor disease outcome \[[@CR16], [@CR17]\]. Therefore, ineffective clearance of SARS-CoV2 following its infection can lead to a delayed immune response, which can bring about continuous inflammations and excessive cytokine release.

Characteristics of serum cytokine profile in severe COVID-19 patients with excessive cytokine release {#Sec5}
-----------------------------------------------------------------------------------------------------

According to the result of a retrospective clinical study, excessive cytokine release has occurred in severe patients with COVID-19. Among COVID-19 patients, intensive care unit (ICU) patients (n = 13) have higher serum levels of interleukin-2 (IL-2), interleukin-7 (IL-7), IL-10, granulocyte-colony stimulating factor (G-CSF), IP-10, monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1-α (MIP-1α), and tumor necrosis factor-α (TNF-α) than non-ICU patients (n = 28). Compared to healthy adults, both ICU and non-ICU patients have shown enhanced serum levels of interleukin-1β (IL-1β), interleukin-1 receptor antagonist (IL-1RA), IL-7, interleukin-8 (IL-8), interleukin-9 (IL-9), interleukin-10 (IL-10), basic fibroblast growth factor (FGF2), G-CSF, granulocyte--macrophage colony-stimulating factor (GM-CSF), IFN-γ, IP-10, MCP-1, MIP-1α, macrophage inflammatory protein 1-β (MIP-1β), platelet-derived growth factor (PDGF), TNF-α, and vascular endothelial growth factor (VEGF) \[[@CR2]\]. Besides, Yang et al. have revealed a positive correlation between the levels of IP-10, monocyte chemoattractant protein-3 (MCP-3), IL-1RA in the peripheral blood, and the severity of the coronavirus infection based on the Murray score \[[@CR4]\].

Serum cytokine profiles, including those of IL-2, IL-4, IL-6, IL-10, IFN-γ, and TNF-α, change dynamically after the disease onset in severe patients, reaching their peak levels in 4 to 6 days after the disease onset \[[@CR5]\]. After the disease onset, while mild patients have not had remarkable fluctuations in the serum levels of any of these cytokines, significant fluctuations in IL-2 and IFN-γ serum levels have been discovered in severe patients. In severe patients, IL-2 and IFN-γ serum levels have declined to the initial level in 7--9 days after the disease onset. The serum level of IL-6 has remained continuously higher in severe patients than in mild patients, and the serum level of IL-10 has remained higher in severe patients than in mild patients by the end of 13--15 days after the disease onset. However, no significant difference in serum levels of IL-4 and TNF-α between mild and severe patients has been detected throughout the whole course of the disease \[[@CR5]\].

Immuno-pathological basis of over-activated inflammatory response and excessive cytokine release in severe COVID-19 {#Sec6}
-------------------------------------------------------------------------------------------------------------------

A report by Zhou et al. reveals the immuno-pathological basis behind the hyper-inflammatory immune response associated with severe COVID-19. By intracellular staining of potential cytokines responsible for promoting cytokine storm in SARS and MERS, Zhou et al. have demonstrated that compared to healthy individuals, ICU and non-ICU patients have increased expressions of IL-6 and GM-CSF in the CD4 + T cells. Moreover, the extent of the increment in IL-6 and GM-CSF expressions in CD4 + T cells is correlated with the severity of disease manifestations (Fig. [1](#Fig1){ref-type="fig"}). Th1 cells, positively stained for both GM-CSF and IFN-γ, are only present in ICU patients, but not in non-ICU patients. This phenomenon, in part, explains the over-activated inflammation in severe patients with COVID-19 \[[@CR6]\]. Enhanced plasma levels of activated CD14 + CD16 + monocytes capable of producing pro-inflammatory cytokines IL-6 and GM-CSF are found only in COVID-19 patients, but not in healthy individuals \[[@CR6]\].Fig. 1Schematic diagram showing the immuno-pathological basis of excessive cytokine release in severe COVID-19 patients. *SARS-CoV-2* severe acute respiratory syndrome coronavirus type 2, *IL-6* interleukin-6, *GM-CSF* granulocyte--macrophage colony-stimulating factor, *IFN-γ* interferon γ, *GMP* granulocyte--macrophage progenitor, *SOCS3* suppressor of cytokine signaling 3, *G-CSF* granulocyte-colony stimulating factor, *IRF-8* interferon responsive factor 8

Acting on the GM-CSF receptors on myeloid cells, GM-CSF leads to activation of the Janus kinase2- signal transducer and activator of transcription5 (JAK2-STAT5) pathway, influencing both the differentiation of myeloid precursor cells and the polarization of macrophages \[[@CR18]\]. Although the activity of GM-CSF is redundant in physiological myeloid hematopoiesis because of the presence of G-CSF and macrophage-colony stimulating factor (M-CSF), GM-CSF is responsible for emergent hematopoiesis in acute pathological conditions such as acute infections, in accordance with the sudden increment of its serum level following an acute infection \[[@CR19]\]. In COVID-19, enhanced GM-CSF level can increase the GM-CSF receptor signal strength in myeloid cells, promoting their differentiation into pro-inflammatory macrophage subtype \[[@CR19]\]. An in vivo study suggests that GM-CSF dependent PU.1 expression mediates the terminal differentiation of macrophages and the enhancement in phagocytic activities of macrophages \[[@CR20]\]. Besides the role of GM-CSF in regulating macrophage differentiation and function, GM-CSF can also up-regulate the immunological activities of neutrophils, including tissue entries, phagocytic activities, and reactive oxygen species (ROS) productions (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR21]\].

During virus infections, activated T cells can enter the bone marrow and influence hematopoiesis by secreting IFN-γ \[[@CR22], [@CR23]\]. Both in vitro and in vivo evidence has shown that T-cell-derived IFN-γ favors monocyte differentiation over neutrophil differentiation during myelopoiesis in the bone marrow. This tilted balance of myeloid progenitor development away from neutrophil towards monocyte is mediated by both IFN-γ-stimulated expressions of PU.1 and interferon responsive factor 8 (IRF-8), which are inducers of monocyte differentiation, and IFN-γ-induced activation of suppressor of cytokine signaling 3 (SOCS3), which inhibits the phosphorylation of STAT3 in response to G-CSF, in granulocyte--macrophage progenitors (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR24]\]. IFN-γ can also skew the development of multipotent hematopoietic progenitors to the monocytic lineage in an indirect manner by stimulating IL-6 production in the bone marrow mesenchymal stem cells \[[@CR25]\]. Moreover, in response to IFN-γ, the production of IL-6 in macrophages is also positively regulated through direct IL-6 promoter binding by Notch1 \[[@CR26]\].

When encountering the novel coronavirus, the immune system displays low efficacy for virus clearance \[[@CR13], [@CR14]\]. Constantly exposed to the viral pathogen, the immune system may initiate a continuous systemic inflammation through GM-CSF and IFN-γ production by T cells. GM-CSF and IFN-γ could promote both the function and the production of macrophages. Activated macrophages could further continue the vicious cycle of excessive systemic inflammation by promoting the production and immunological activities of itself through GM-CSF secretion (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR6]\]. The excessive inflammatory response in severe patients, potentially attributed to unresolved virus infection, could eventually result in T cell depletion. In accordance, a high neutrophil to CD8 + T cell ratio (N8R) in the blood has been suggested to predict a worse prognosis in COVID-19 patients \[[@CR5]\]. This observation might be explained by the T cell depletion in severe patients, in conjunction with the role of IFN-γ, secreted by T cells, in favoring monocytes differentiation versus neutrophil differentiation in the bone marrow during virus infections.

Age and human leucocyte antigen (HLA) polymorphisms can be factors that predispose COVID-19 patients to prolonged and excessive inflammations. An aged immune system is not only associated with a decreased efficiency for virus clearance due to declined B and T cell productions and functions, leading to constant viral exposure and excessive inflammations, but also associated with an increased propensity for excessive pro-inflammatory cytokine release because of reduced productions of the immunosuppressive thymus-derived regulatory T cells (Tregs) \[[@CR27], [@CR28]\]. Additionally, HLA displays extensive polymorphisms, and is crucial for the immune response to viral antigens. SARS-CoV-2 infection may be similar to other types of virus infection, where associations can exist between certain HLA haplotypes and disease severity \[[@CR29]\]. Certain HLA haplotypes might predispose COVID-19 patients to a more excessive inflammatory response. Future genetic sequencing studies are required to understand this association, which can guide the treatment and management of patients in the clinic, as well as vaccine productions.

Early anti-viral immune responses can facilitate the clearance of pathogens; however, the prolonged and excessive inflammatory activities, observed in severe COVID-19 patients, can result in tissue damage and hypercoagulable state.

Contribution of excessive cytokine release to hypercoagulable state in severe COVID-19 patients {#Sec7}
-----------------------------------------------------------------------------------------------

Differences in standards for severe illness and variations in health conditions among patients may lead to discrepancies of the results from different retrospective clinical studies that compare serum levels of cytokines between mild and severe COVID-19 patients. However, most retrospective clinical studies so far have consistently displayed enhanced serum levels of pro-inflammatory cytokines, including IL-2, Th1-related IFN-γ, IL-6 along with increased serum levels of the anti-inflammatory cytokine IL-10 in severe patients, in comparison with the serum levels of these cytokines in mild patients \[[@CR2]--[@CR6]\]. Based on previous experimental and clinical evidence, generally, the pro-inflammatory cytokines, including IL-2, IFN-γ, IL-6, can promote a hypercoagulable state in favor of thrombus formation, whereas the anti-inflammatory cytokine, IL-10, conducts anti-coagulative activities which prevent vascular thrombotic events (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Schematic diagram summarizing the mechanisms through which main pro-inflammatory and anti-inflammatory cytokines in the over-activated immune responses associated with severe COVID-19 influence vascular thrombus formation and resolution. *IL-10* interleukin-10, *IL-2* interleukin-2, *IFN-γ* interferon γ, *IL-6* interleukin-6, *Treg* regulatory T cell, *Th1* T helper cell type 1, *Th2* T helper cell type 2, *PAI-1* plasminogen activator inhibitor-1

In severe COVID-19, the excessive pro-inflammatory cytokine release can contribute to the activation of coagulation cascade. Thrombin, an essential candidate in the coagulation cascade, not only mediates the blood clot formation by converting fibrinogen to fibrin, but also can act on the proteinase-activated receptors to amplify the inflammation in a positive feedback manner \[[@CR30]\]. The presence of positive regulations between inflammation and coagulation may explain the concurrent existence of excessive pro-inflammatory cytokine release and serum markers of hypercoagulable state in severe COVID-19 patients.

Although the excessive pro-inflammatory cytokine release in severe COVID-19 patients can promote vascular thrombosis through complicated interplays with factors that participate in the blood coagulation, it might not be the only etiology of hypercoagulable state and vascular thrombus formation in severe COVID-19. A recent autopsy study has demonstrated that SARS-CoV-2 can directly invade and damage vascular endothelial cell (EC), as evidenced by the presence of viral inclusions inside the vascular ECs in the histological analyses \[[@CR31]\]. Besides, aggregation of inflammatory leukocytes around vascular ECs has also been detected in the histological analyses, indicating that SARS-CoV-2 can possibly induce vascular endothelitis by directly invading ECs, facilitating vascular thrombosis \[[@CR31]\]. Therefore, the significance of excessive pro-inflammatory cytokine release as an etiology of hypercoagulable state and thrombus formation in severe COVID-19 should be further assessed in future experimental studies.

According to the previously described characteristics of the dynamically changing cytokine profiles, in severe COVID-19 patients, enhanced IL-2 and IFN-γ serum levels persist only for the first 7--9 days following disease onset, whereas the IL-6 serum level is continuously elevated throughout the whole course of the disease \[[@CR5]\]. Hence, in severe COVID-19, enhanced serum levels of IL-2 and IFN-γ could be a trigger for the elevation in serum IL-6 level by increasing macrophage differentiation and activation (Fig. [1](#Fig1){ref-type="fig"}). The mechanisms by which the pro-inflammatory cytokines, IL-2, IFN-γ, IL-6, and the anti-inflammatory cytokine, IL-10, affect the coagulable state are interpreted in detail subsequently. The order of discussion on the pro-inflammatory cytokines is arranged based on the potential course of sequence by which their release is triggered during the over-activated inflammatory response associated with severe COVID-19.

The excessive release of IL-2, IFN-γ, IL-6, and IL-10 in severe COVID-19 could result from the SARS-CoV-2 infection itself, the bacterial infection secondary to the SARS-CoV-2 infection in immune-compromised individuals, or the excessive innate immune response to damage-associated molecular patterns (DAMP) produced by tissue damages due to SARS-CoV-2 invasion \[[@CR2], [@CR4]\]. Hence, blocking the host cell entry and the replication of SARS-CoV-2 during early infection could prevent the excessive release of the pro-thrombotic cytokines in COVID-19. However, for severe patients who have already developed excessive inflammatory response, antagonizing the productions and activities of the pro-thrombotic cytokines could be a better approach to attenuate the over-activated inflammatory response and to reduce the risk of vascular thrombosis.

### Cytokines with pro-thrombotic activities {#Sec8}

#### IL-2 {#Sec150}

IL-2 is pleiotropic regarding its influence on the differentiation of various CD4 + T cell subsets. IL-2 induces Th1 and Th2 differentiation by enhancing interleukin-12 (IL-12) receptor expression and IL-4 receptor expression, respectively, through STAT5 \[[@CR32], [@CR33]\]. However, IL-2 plays an inhibitory role in the differentiation of Th17 \[[@CR32]\]. Additionally, IL-2 has been shown to increase the thymic or peripheral production of Tregs and the immuno-suppressive activity of Tregs \[[@CR34], [@CR35]\].

IL-2 can stimulate endothelial plasminogen activator inhibitor (PAI-1) release in vitro, indicating a potential for IL-2 to inhibit fibrinolysis \[[@CR36]\]. Results of clinical study have shown that IL-2 can activate both coagulation and fibrinolysis in vivo, possibly mediated by IL-2 induced cytokines that can impair the anti-coagulant function of the vascular endothelium \[[@CR37]\].

By initiating the differentiation of Th1, IL-2 can induce the production of IFN-γ in T cell subsets \[[@CR32], [@CR38]\]. IFN-γ is associated with pro-coagulant effects by several mechanisms introduced below.

#### IFN-γ {#Sec151}

IFN-γ plays a dual role in vascular thrombosis by promoting thrombus formation, while delaying thrombus resolution. According to previous experimental evidence, IFN-γ promotes thrombus formation mainly through increasing the platelet activities and impairing the vascular endothelium.

In vitro experiment on monocytic U937 cell in the condition of a low thrombin concentration has shown that IFN-γ increases platelet adhesion to the monocytic cell, thereby promoting platelet activation, which is indicated by enhanced platelet 5-hydroxytryptamine (5-HT) release \[[@CR39]\]. Furthermore, in vitro evidence has also indicated that Th1-related activities, especially IFN-γ secretion, increase the expression of tissue factor (TF) in monocytes, facilitating the pro-coagulant activity of monocytes \[[@CR40]\].

IFN-γ plays a crucial role in inflammation by mediating macrophage activation and leukocyte recruitment. Results of animal studies suggest that increased IFN-γ production mediates monocyte activation and monocyte recruitment to the vessel, promoting vascular inflammation, ROS production, together with vascular EC and vascular smooth muscle cell (SMC) dysfunction \[[@CR41]\]. In physiologic conditions, vascular ECs maintain their anti-thrombotic, anti-inflammatory, and vasodilative properties by producing substances, including anti-thrombin, thrombomodulin, prostaglandins, and nitric oxide (NO) \[[@CR42]\]. IFN-γ induces vascular dysfunction by promoting the expression of chemoattractant molecule MCP-1, changing the physiologic anti-inflammatory phenotype of the vascular ECs into the pathological pro-inflammatory phenotype, thereby leading to enhanced ROS production and decreased vasodilative function of the vascular endothelium, in favor of thrombus formation \[[@CR43]\]. Damage of vascular ECs exposes the sub-endothelial pro-thrombotic matrix to the circulating platelets. Interactions between sub-endothelial pro-thrombotic proteins and platelets result in platelet adhesion, activation, and aggregation through complex receptor-mediated signalings \[[@CR44], [@CR45]\]. Additionally, a recent animal experiment shows that IFN-γ can promote deep venous thrombosis by mediating neutrophil extracellular traps (NETs) formation \[[@CR46]\].

After thrombus formation, IFN-γ could impede the thrombus resolution through decreased VEGF and matrix metalloproteinase 9 (Mmp9) expressions in macrophages mediated by IFN-γ /STAT1 signal pathway activation \[[@CR47]\].

#### IL-6 {#Sec152}

Overall, IL-6 contributes to a hypercoagulable state by enhancing the activity and production of platelets, promoting an imbalance between plasma levels of coagulative factors and anti-coagulative factors, and inducing endothelial dysfunction.

IL-6 induces thrombus formation by increasing platelet production and activity. IL-6 has been shown to promote a hypercoagulable state and accelerate blood clot formation via whole blood thromboelastography, as evidenced by the markedly reduced time before maximum velocity of clot growth (TMRTG). The IL-6-induced hypercoagulable state in the whole blood has been further confirmed by the hyper-activation of platelets under scanning electron microscopy \[[@CR48]\]. IL-6 contributes to inflammatory thrombocytosis by up-regulating thrombopoietin (TPO) production in hepatocytes, indicated by in vivo experiments involving IL-6 administration and TPO neutralization in C57BL/10 mice \[[@CR49]\]. Increased platelet production plays a role in promoting primary hemostasis during inflammation.

Furthermore, IL-6 can promote hypercoagulability by modulating plasma levels of coagulant factors. In vitro evidence has suggested that, in ECs and monocytes, IL-6 increases the expression of TF, which initiates the activation of extrinsic coagulation pathway that is responsible for thrombus formation \[[@CR50], [@CR51]\]. Results of animal experiments also confirm the capability of IL-6 to stimulate the initiation of coagulation. In response to an *Escherichia coli* (*E coli*.) endotoxin injection, an increase in plasma levels of thrombin fragments F1 F2 and thrombin-antithrombin III complexes, indicating coagulation activation, is abrogated by a simultaneous IL-6 antibody injection in chimpanzees \[[@CR52]\]. In canine, following IL-6 injection, plasma levels of fibrinogen and von Willebrand factor (vWf) are increased, while the plasma concentration of free protein S is reduced, suggesting that increasing the plasma level of IL-6 can induce a hypercoagulable state \[[@CR53]\].

Last but not least, IL-6 signaling in ECs results in endothelial dysfunction, increasing the risk of vascular thrombotic events. Although ECs do not have IL-6 receptor expression, they do have the expression of glycoprotein 130 (Gp130), which can bind to the complex of IL-6 and its soluble receptor sIL-6R in the plasma, allowing ECs to respond to IL-6 stimulation \[[@CR54]\]. IL-6 trans-signaling can activate vascular ECs by increasing the expressions of chemokines and cell adhesion molecules, as well as the secretion of IL-6 by the vascular ECs, turning the physiologic phenotype of the vascular ECs into the pathologic phenotype \[[@CR54]\]. Additionally, in a cell culture experiment, IL-6 trans-signaling in microvascular ECs leads to endothelial damages by promoting apoptosis \[[@CR55]\].

Despite plenty of evidence showing the contribution of IL-6 to increased blood coagulability and thrombus formation, IL-6 could also be necessary for venous thrombus resolution by recruiting macrophages and enhancing expressions of Mmp2, Mmp9, and urokinase-type plasminogen activator (Plau) through IL-6/STAT3 signaling in macrophages \[[@CR56]\]. However, the exact role IL-6 plays in thrombus resolution can be controversial because of the in vitro evidence showing up-regulated PAI-1 expression in adipose tissue by IL-6 \[[@CR57]\].

### Cytokine with anti-thrombotic activities {#Sec12}

#### IL-10 {#Sec153}

The role and mechanism of IL-10 production during acute virus infection were elegantly reviewed by José M. Rojas et al. \[[@CR58]\]. By mediating negative regulation of MHC II expression on antigen-presenting cells, IL-10 can impair the priming of Th1, which plays a vital role in controlling virus infections by facilitating the effector functions of cytotoxic leukocytes and lymphocytes \[[@CR58], [@CR59]\]. Although it is unclear whether the elevation of serum IL-10 in COVID-19 patients is a mechanism by which SARS-COV-2 circumvent the surveillance of adaptive immunity, IL-10 enhancement in severe cases is likely a compensatory mechanism to quench the over-activated inflammation, having an inhibitory effect on coagulation and thrombus formation.

Because of the anti-inflammatory function of IL-10, it could prevent vascular thrombosis by alleviating the pro-thrombotic effects associated with pro-inflammatory cytokines \[[@CR40], [@CR58]\]. By inhibiting the production of pro-inflammatory cytokines, IL-10 can indirectly decrease mitochondrial ROS production in ECs, reducing the acute vascular endothelial cell activation \[[@CR60]\]. IL-10 is elevated in response to venous thrombosis in the vascular wall, playing a role in suppressing vascular inflammation and reducing venous thrombosis, as evidenced by animal experiments in rats \[[@CR61]\]. In a double-blinded cohort study involving 12 healthy volunteers, IL-10 injection has resulted in decreased bone marrow platelet production compared to placebo, therefore reducing the risk of thrombus formation \[[@CR62]\]. A clinical study has further revealed the association between decreased serum IL-10 and endothelial dysfunction in patients with venous thrombosis \[[@CR63]\].

Potential of anti-inflammatory therapy to reduce the risk of vascular thrombosis in severe COVID-19 {#Sec14}
---------------------------------------------------------------------------------------------------

By targeting the excessively released pro-thrombotic cytokines in severe COVID-19, anti-inflammatory therapy can theoretically alleviate the hypercoagulable state. Currently, it is believed that the timing of anti-inflammatory therapy is an essential factor to be considered when weighing the risks and benefits for COVID-19 patients. During the incubation period and the non-severe symptomatic stage of COVID-19, anti-inflammatory therapy can impair the anti-viral immune response, increasing the risk of aggravating disease severity; however, anti-inflammatory therapy in the severe stage of COVID-19, when the viral load is high and the optimal time window for virus clearance is missed, can benefit COVID-19 patients by alleviating tissue damages due to the excessively activated inflammatory response \[[@CR64]\]. The use of anti-inflammatory medications, including tocilizumab, as well as chloroquine and hydroxycloroquine, to suppress the over-activated inflammatory response in severe COVID-19 has been undergoing clinical investigations. By antagonizing the cytokines with pro-thrombotic effects, these anti-inflammatory medications also have the potential to lower the risk of vascular thrombosis.

### Tocilizumab {#Sec15}

Conventionally, corticosteroids are used as a treatment for excessive inflammation, but high doses and long durations of drug intake are often needed, usually leading to serious side effects \[[@CR65], [@CR66]\]. IL-6 is considered as a key mediator of excessive pro-inflammatory cytokine release in COVID-19, and tocilizumab, an anti-IL-6 receptor monoclonal antibody, is used to suppress the over-activated inflammatory response in severe COVID-19 cases in several recent observational clinical studies. These studies indicate that tocilizumab, without significant associated adverse effect, is effective for controlling excessive inflammations and reducing disease mortality in severe COVID-19 patients, especially for those with significant elevation in serum IL-6 level \[[@CR66], [@CR67]\]. Besides, a systemic review also indicates that tocilizumab could be a promising treatment for the excessive inflammation in severe COVID-19 \[[@CR68]\]. However, considering the number of patients participated in these studies are relatively small, and these studies are merely observational, the conclusions of these studies need to be confirmed by randomized controlled clinical trials with larger numbers of participants.

By suppressing the over-activated inflammation, tocilizumab can theoretically mitigate vascular thrombosis by reducing the pro-thrombotic effects of the pro-inflammatory cytokines during excessive inflammations in severe COVID-19 (Fig. [2](#Fig2){ref-type="fig"}). Hence, future clinical studies of tocilizumab could evaluate the potential of tocilizumab to reduce vascular thrombotic events by adding vascular thrombotic complications, including DIC, as a secondary endpoint.

### Chloroquine and hydroxychloroquine {#Sec16}

According to recent clinical studies, low dosage of adjunctive chloroquine and hydroxychloroquine treatment could be an effective solution for excessive pro-inflammatory cytokine release in severe COVID-19 patients. In a retrospective observational study with 550 patients, in addition to the basic treatments for COVID-19, low doses of hydroxychloroquine significantly reduce the fatality and the serum level of pro-inflammatory IL-6 in severe COVID-19 patients \[[@CR69]\]. A randomized controlled clinical trial suggests that compared to a low dosage of chloroquine treatment, a high dosage of chloroquine treatment for severe COVID-19 patients is associated with increased incidences of adverse effects, especially when used adjunctively with other antibiotics or anti-viral medications \[[@CR70]\]. However, severe COVID-19 patients in the group receiving high dosage of chloroquine treatment are of older ages, which could be a confounding factor in this randomized clinical trial.

Chloroquine and hydroxychloroquine, which can be promising in the treatment of excessive inflammatory response in severe COVID-19, have both immuno-modulatory and anti-thrombotic functions. Chloroquine and hydroxychloroquine can inhibit the production of IFN-γ, IL-6, and TNF-α by peripheral blood mononuclear cells (PBMCs) \[[@CR71]\]. This modulation in immunological activities of PBMCs is critical in preventing the viscious cycle of excessive inflammations in COVID-19 (Fig. [1](#Fig1){ref-type="fig"}), hence, reducing the risk of excessive pro-thrombotic cytokine release and hypercoagulable state (Fig. [2](#Fig2){ref-type="fig"}). Despite the negative regulating effects on pro-inflammatory cytokine productions, chloroquine and hydroxychloroquine are less associated with secondary infections following their treatment than immuno-suppressive medications are, as their effects on the immune system is immuno-modulatory \[[@CR72]\]. In addition, hydroxychloroquine reduces the risk of vascular thrombosis by inhibiting platelet activation in response to pro-coagulant factors, as evidenced by the in vitro study showing that hydroxychloroquine, at the concentration of 1 mM, abrogates expressions of platelet CD41a and CD61, which indicate platelet activation, following aPL and thrombin agonist receptor peptide treatment. This inhibitory effect of hydroxychloroquine on platelet activation is also present even when the concentration of hydroxychloroquine is as low as 0.0125 mM \[[@CR73]\]. Similar function in the inhibition of platelet activation has also been demonstrated in vitro with chloroquine \[[@CR74]\]. In agreement with its function of platelet inhibition, hydroxychloroquine can reduce the incidence of vascular thrombotic events after operations or in autoimmune diseases including systemic lupus erythematosus (SLE) and APS \[[@CR75], [@CR76]\]. Furthermore, In vitro evidence has shown that chloroquine prevents SARS-CoV-2 infection in Vero E6 cells by preventing cell entry and interfering with the process of virus-cell fusion \[[@CR77]\]. Chloroquine can interfere with host cell-entry of SARS-CoV-2 by preventing the terminal glycosylation of its receptor ACE2 \[[@CR72]\]. Therefore, chloroquine and hydroxychloroquine can theoretically lower the risk of hypercoagulable state and vascular thrombosis by alleviating the endothelitis caused by direct SARS-CoV-2 invasion into the host vascular ECs in COVID-19 \[[@CR31]\].

Potential ACE2 down-regulation in COVID-19 can contribute to hypercoagulable state in conjunction with excessive cytokine Release {#Sec17}
---------------------------------------------------------------------------------------------------------------------------------

### Evidence predicting ACE2 down-regulation in COVID-19 {#Sec18}

SARS-CoV-2 and SARS-CoV bind to ACE2 for cell entry, and share a similar amino acid sequence in their receptor-binding spike proteins, with a 76% amino acid sequence similarity between the spike protein of SARS-CoV-2 and that of SARS-CoV S Urbani \[[@CR78], [@CR79]\]. These two viruses also bind to the same receptor, ACE2, for cell entry \[[@CR78]\]. As in the case of SARS-CoV infection, the SARS-CoV-2 spike protein is primed by the transmembrane serine protease 2 (TMPRSS2), which facilitates viral entry into host cells \[[@CR80]\]. A recent study using single-cell RNA-sequencing (scRNA-seq) has identified cells with co-expressions of ACE2 and TMPRSS2, including type II pneumocytes, ileal enterocytes, and nasal goblet cells \[[@CR81]\]. These cells are, therefore, targets for SARS-CoV-2 invasion in the host.

Interactome model for interactions between SARS-CoV-2 and human cell, based on characteristics of human protein/SARS-CoV and human protein/MERS-CoV interactions, predicts a down-regulating effect of SARS-CoV-2 infection on ACE2 expression in human cells \[[@CR7]\]. ACE2 protein expression is found in multiple organs and tissues, including vascular ECs and SMCs \[[@CR82]\]. Both in vitro and in vivo experiments have pointed out the role of SARS-CoV spike protein in down-regulating ACE2 expression through ACE2 binding \[[@CR83]\]. SARS-CoV infection can result in a reduction in myocardial ACE2 expression at mRNA and protein levels in mice \[[@CR84]\]. In vitro experiments have proved the ability of SARS-CoV spike protein to induce the activity of a disintegrin and metalloprotease (ADAM17), which sheds ACE2 from the membrane, down-regulating the expression of ACE2 in Vero E6 cells \[[@CR85]\]. Although TMPRSS2 may interfere with the ACE2 shedding activity of ADAM17, co-expressions of TMPRSS2 and ACE2 can only be found in restricted types of cells, as indicated by the result of the recent scRNA-seq experiment \[[@CR81], [@CR86]\]. Due to the similarity between amino acid sequences of SARS-CoV and SARS-CoV-2 spike proteins, SARS-CoV-2 could lead to a down-regulation in ACE2 expression in COVID-19 through ACE2 binding. However, further experiments using animal models with SARS-CoV-2 infection are still required to better clarify the effect of SARS-CoV-2 infection on ACE2 expression in different tissues or cell types.

### Pro-inflammatory and pro-thrombotic mechanisms of ACE2 down-regulation {#Sec19}

Ang II (Angiotensin II) is the effector molecule in the ACE/Ang II/AT1 receptor (angiotensin II receptor type 1) axis, associated with pro-thrombotic activities including increased TF and PAI-1 production by aortic ECs and SMCs \[[@CR87], [@CR88]\]. Upon binding to AT1R, Ang II can induce ROS production by stimulating the activity of NADH and NADPH oxidases in vascular SMCs, promoting oxidative stress and vascular inflammation, which can lead to vascular injury and thrombus formation \[[@CR89]\].

Many pieces of experimental evidence have suggested the anti-thrombotic activity of the ACE2/Ang 1-7 (Angiotensin 1-7)/Mas receptor axis. In rats, low ACE2 activity is related to thrombus formation, whereas enhancing ACE2 activity decreases both platelet accumulation and size of thrombi, delaying the thrombosis \[[@CR90]\]. ACE2 catalyzes Ang II to Ang 1-7, which does not have the pro-thrombotic functions associated with Ang II \[[@CR91]\], preventing the adverse effect of Ang II on vascular injury and thrombosis \[[@CR92]\]. Furthermore, Ang 1-7 can promote platelet NO release by binding to the Mas receptor on the platelet \[[@CR93]\].

Therefore, ACE2 down-regulation, which possibly occurs in COVID-19, enhances the activation of the ACE/Ang II/AT1 receptor axis. In addition to the pro-thrombotic activities of the ACE/Ang II/AT1 receptor axis, enhanced Ang II level can further inhibit the expression of ACE2 by activating mitogen-activated protein kinase 1 (MAPK1) and MAPK3, worsening the vascular injury and thrombosis \[[@CR94]\].

### Mutually promoting effects between ACE2 down-regulation and excessive cytokine release on their pro-thrombotic activities {#Sec20}

Excessive cytokine release in severe COVID-19 can be a crucial factor contributing to the pro-thrombotic activities related to ACE2 down-regulation (Fig. [3](#Fig3){ref-type="fig"}). Emerging amounts of evidence have shown the critical role of pro-inflammatory cytokines in Ang II-mediated vascular dysfunctions. In IFN-γ knockout mice, characteristics of Ang II-mediated vascular injury are attenuated. This attenuation of vascular injury is due to decreased IFN-γ mediated nature killer (NK) cell and monocyte recruitment, and reduced mutual activation of NK cells and monocytes at the vessel \[[@CR95]\]. In addition, a recent animal study suggests that Ang II promotes thrombosis through increased platelet activation induced by T cell-dependent IL-6 signaling \[[@CR96]\]. Hence, the elevated serum levels of pro-inflammatory cytokines in severe COVID-19 tend to favor the Ang II-mediated vascular injury and thrombosis.Fig. 3Schematic diagram showing the mechanisms by which potential ACE2 expression down-regulation in COVID-19 contributes to vascular thrombosis and the reciprocal promoting relationship between the effect of ACE2 expression down-regulation and that of excessive cytokine release on vascular thrombosis. *ACE2* angiotensin-converting enzyme 2, *IFN-γ* interferon γ, *IL-6* interleukin-6, *PAI-1* plasminogen activator inhibitor-1, *TF* tissue factor

ACE2 down-regulation can, in turn, lead to enhanced levels of cytokines with pro-thrombotic activities (Fig. [3](#Fig3){ref-type="fig"}). A randomized double-blind clinical study has shown that in patients with coronary artery disease, ACEI/ARB treatment elevates the serum level of IL-10, but reduce the serum level of IL-6, thereby decreasing the thrombin stimulated platelet aggregation in the plasma \[[@CR97]\]. Thus, in COVID-19, the possible down-regulated ACE2 activity can leave the activity of ACE/Ang II/AT1 axis uncontrolled, resulting in excessive inflammation characterized by increased serum levels of pro-thrombotic cytokines but decreased serum levels of anti-thrombotic cytokines, contributing to vascular thrombosis.

ACEI/ARB treatment can reduce the risk of vascular thrombosis in hypertensive COVID-19 patients {#Sec21}
-----------------------------------------------------------------------------------------------

ACEI/ARB has been essential for treating hypertension and heart failure, but the use of ACEI/ARB during the COVID-19 pandemic was concerned because of the potential risk of ACEI/ARB in enhancing ACE2 expression, which may increase the chance or severity of infection.

However, most of recent clinical studies do not indicate an association between ACEI/ARB treatment and a higher risk of SARS-CoV-2 infection. A meta-analysis on 19,000 cases of COVID-19 suggests that ACEI/ARB does not increase the risk of SARS-CoV-2 infection and the disease transition from mild to severe, and that ACEI/ARB treatment reduces the incidence of mortality compared to other anti-hypertensive agents in COVID-19 patients with hypertension \[[@CR98]\]. Moreover, in a retrospective analysis of 1128 adult hypertensive COVID-19 patients, compared to patients not taking ACEI/ARB or taking other anti-hypertensive drugs, those taking ACEI/ARB are associated with a lower risk of DIC and mortality \[[@CR99]\].

As described at the end of the previous section, ACEI/ARB can lower the risk of hypercoagulability by controlling systemic inflammations. Besides, ACEI/ARB can also reduce vascular inflammations, preventing vascular injuries and platelet activations (Fig. [3](#Fig3){ref-type="fig"}) \[[@CR97]\]. ACEI can prevent vascular inflammation by reducing the activity of nuclear factor kappa-B (NF-κB) in vascular cells and macrophages \[[@CR100], [@CR101]\]. Furthermore, ACEI reduces levels of pro-inflammatory cytokine expressions in the aorta in patients with abdominal aortic aneurysm, indicating the ability of ACEI to reduce vascular inflammation \[[@CR102]\]. Additionally, ARB can normalize the vascular inflammation and vascular dysfunction caused by Ang II \[[@CR103]\]. Antagonization of AT1 by ARB can result in increased Ang II-induced EC AT2 activation, which can promote NO production, preventing vascular thrombosis \[[@CR104], [@CR105]\]. Hence, hypertensive COVID-19 patients can benefit from the vasoprotective mechanisms of ACEI/ARB. Better clinical outcomes of hypertensive COVID-19 patients who received ACEI/ARB in recent clinical studies can be in part attributed to the capability of ACEI/ARB to prevent a hypercoagulable state.

Conclusion {#Sec22}
==========

The severity of COVID-19 is associated with both excessive cytokine release and hypercoagulable state. Age and HLA polymorphisms could be factors that determine the propensity to develop the over-activated inflammations in COVID-19. In severe COVID-19 patients, the excessive release of pro-inflammatory cytokines, including IL-2, IFN-γ, and IL-6, has been consistently shown in recent retrospective clinical studies. Abundant pieces of evidence have indicated the role of these pro-inflammatory cytokines in promoting a hypercoagulable state and, therefore, vascular thrombosis. However, excessive pro-inflammatory cytokine release might not be the only etiology of hypercoagulable state in COVID-19, and its significance in the pathogenesis of hypercoagulable state in severe COVID-19 should be investigated in future studies.

Because of structural similarities between receptor binding proteins of SARS-CoV and SARS-CoV-2, SARS-CoV-2 infection is likely to result in ACE2 down-regulation, which has been confirmed in SARS-CoV infection previously. This hypothesis is currently supported by the prediction using an interactome model, but further experimental studies are needed to confirm the hypothesis. ACE2 down-regulation can lead to Ang II-mediated vascular dysfunction and thrombosis. Furthermore, ACE2 down-regulation and excessive pro-inflammatory cytokine release can mutually promote the pro-thrombotic activities of each other.

Understanding the mechanisms behind the vascular thrombotic events in severe patients with COVID-19 is essential for the prevention and treatment of vascular thrombosis in COVID-19. ACEI/ARB can prevent hypercoagulable state by activating ACE2/Ang 1--7 /Mas receptor axis while inhibiting ACE/Ang II/AT1 receptor axis, which possibly explains the reduced incidence of DIC in hypertensive COVID-19 patients receiving ACEI/ARB treatment. Anti-inflammatory medications, including tocilizumab, chloroquine, and hydroxychloroquine, could be an effective treatment to control the over-activated inflammatory response and have the potential to reduce the risk of vascular thrombosis in severe COVID-19. The potential of these anti-inflammatory medications to reduce vascular thrombotic events, along with the optimum choice of an anti-inflammatory drug to control the excessive cytokine release, detailed standards for patient selection, as well as the optimal time of initiation and the optimal duration of the anti-inflammatory therapy, are remained to be elucidated in future clinical studies.
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